Recent research in materials and device engineering demonstrates ability to use various organic and inorganic semiconductors in mechanically flexible and deformable electronics for wearable and bio-integrated devices. [1] [2] [3] [4] [5] Organic light emitting diodes (OLEDs), in particular, offer strong potential for use in flexible display. Remaining areas for improvement are in efficiency and lifetime of operation, and in simplified schemes for encapsulation. 6 For certain applications, such as bio-integrated light sources in optogenetics 5, 7 and other areas, [8] [9] [10] [11] [12] ultrathin, flexible inorganic light-emitting diodes with microscale lateral dimensions (l-ILEDs) could provide attractive alternatives. 5, [7] [8] [9] [10] [11] [12] Such classes of devices can be fabricated by epitaxial growth and processing on a source wafer, followed by undercut etching 10, 13 or laser lift off (LLO) [14] [15] [16] and transfer printing 17 to a substrate of interest. Although such classes of devices exhibit superior performance and stability, the efficiencies can be degraded and the emission spectra can shift due to difficulties in thermal management, particularly for substrates such as plastics that have poor thermal conductivity. 13, 14, 16 This letter explores these and related fundamental effects, through temperatureand size-dependent behaviors in l-ILEDs on plastic.
Figs. 1(a)-1(d) outlines the process for fabricating flexible inorganic InGaN/GaN-based l-ILEDs via transfer printing. The first step involves formation of thin ($6.45 lm thick) layers of active materials grown on sapphire substrates, subsequently released by LLO. The devices use 200 nm p-GaN/140 nm multiple quantum wells (MQW)/400 nm spacer/2 lm n-GaN/3.8 lm undoped GaN buffer layers with n-and p-contacts (25 Â 25 lm 2 square Cr/Au (15 nm/300 nm) metal pads) and a partially transparent p-current spreading layer (L-shape patterned Ni/Au (15 nm/15 nm)). Bilayers metal (Ni 15 nm and Au 15 nm) formed by sputter deposition onto p-doped GaN are patterned into an L-shape by photolithography and wet etching. Annealing in an oxygen and nitrogen atmosphere at 500 C for 10 min enhances transparency and electrical contact properties. (Detailed procedures appear elsewhere. 14 ) Release of the resulting l-ILEDs onto the structured surface of a slab of polydimethylsiloxane (PDMS, with an array of vertical pillars with 3 lm diameter, 1.2 lm height, and 5 lm spacing) ( Fig. 1(a) ) prepares the devices for transfer printing. For present purposes, PDMS stamps with raised features of relief matched to the targeted l-ILEDs (i.e., 100 Â 100 lm 2 post with 100 lm height PDMS stamp for 100 Â 100 lm 2 l-ILED), allow the devices to be printed onto sheets of poly(ethylene terephthalate) (PET, 50 lm thick; Grafix Dura-Larfilm roll) coated with a thin photocurable adhesive. Photolithography and wet etching using a photosensitive benzocyclobutene (6 lm thick; photocurable BCB) and Cr (15 nm)/Au (300 nm) layer as a resist ( Fig. 1(d As the injection current increases, the optical output power (P opt ) of each device increases without significant degradation until a saturation point caused by device heating. With increasing size, higher injection currents are possible, thereby allowing improved maximum P out , due simply to the increased emitting volume, as expected based on the behavior of conventional devices on sapphire substrates. 18, 19 The maximum values of P out are 0.09 mW at 4 mA (J ¼ 40.00 A/cm , respectively. The turn-on voltages ($3 V) do not vary with size ( Fig. 2(a) ), indicating proper behavior of the current spreading layer and L-shaped ohmic contact. Changes in temperature alter the bandgap of the material 20, 21 and other parameters that determine the operation characteristics. Fig. 2(b) shows the temperature change, DT, in the l-ILEDs determined by the finite element method (FEM) 22 27 The ratio of injection power to the volume of the l-ILED gives the heat flux from the l-ILED. The temperature change in Fig. 2(b) is linearly proportional to the injection power and depends strongly on the size of l-ILED. For example, for an injection power of 8.0 mW, the temperature change for the smallest l-ILED (100 Â 100 lm 2 ) is 97.6 K, which is more than 40 times larger than that for the largest l-ILED (1 Â 1 mm 2 ) (2.4K), qualitatively consistent with previously reported results. 13, 14 The temperature change in Fig. 2(b) leads to a change in the bandgap according to 20 where the temperature T (in K) is the sum of the ambient temperature and the temperature change DT in Fig. 2(b) . The peak wavelength of emission is then obtained from k ¼ hc/E g , where h is Planck's constant and c is the speed of light. For an ambient temperature of 298 K, Fig. 2(c) shows the change of the peak wavelength of emission for various device sizes as a function of injection power. The changes in peak wavelength obtained analytically (lines) based on the temperature of the l-ILEDs in Fig. 2(b) agree reasonably well with experiment results (dots). The results can be explained by a competition between effects related to screening of the quantum confined Stark effect, band filling, and bandgap shrinkage by self-heating. 18, 28, 29 As shown in Fig. 2(c) , the emission peak shifts to the red with increasing the injection power, for all samples. The peak wavelengths of emission are relatively high in smaller devices, due to the enhanced bandgap shrinkage and self-heating effects. The ratios of the emission peak wavelength shift to the injection current (Dk/DI) are 2.64, 1.09, 0.88, and 0.40 nm/mA for 100 Â 100 lm 2 , 300Â 300 lm 2 , 500Â 500 lm 2 , and 1 Â 1 mm 2 devices, respectively. Fig. 2(d) shows the electroluminescence (EL) spectra of a 1 Â 1 mm 2 l-ILED with increasing injection current from 1 to 25 mA at 298 K. As the current increases, the EL intensity increases up to a maximum at 15 mA; further increases in current lead to decreases in EL. Fig. 2(d) .
To study the effects of size dependent behaviors on plastic substrates, measurements at various temperatures defined by an external heating stage for normalized EL intensity, peak wavelength, and L-I-V properties were performed. Fig. 3(a) shows the normalized EL intensity for l-ILEDs with different sizes as a function of temperature at an injection current of 5 mA. The temperature dependence of the EL intensity (I) can be approximated with a phenomenological form: I ¼ I T¼298K exp½ÀðT À 298 KÞ=T 1 Þ, where I T¼298K is the emission intensity at 298 K, T is the heatsink temperature, and T 1 is a characteristic temperature. As shown in Fig. 3(a) , and 1Â 1 mm 2 devices, respectively. As expected, T 1 decreases with decreasing device size, due to enhanced capacity for passive heat dissipation. These characteristics are consistent with the results of the L-I-V curves and emission peak wavelength shifts in Fig. 2(a) . Fig. 3(b) shows the temperature-dependent L-I-V curves of a 1 Â 1 mm 2 l-ILED, for injection currents and temperatures between 0-25 mA and 298-358 K (10 K interval), respectively. The measured relationship between L and I shows that the slope efficiency (DP opt /DI) gradually decreases with increasing injection current, due to the device heating. 30, 31 The maximum P opt and forward voltage decrease from 0.52 mW and 4.03 V to 0.39 mW and 3.89 V, respectively, as the temperature increases from 298 to 358 K. The turn-on voltage decreases from 2.93 V at 298 K to 2.74 V at 358 K. Fig. 3(c) shows the shift in the emission peak wavelength as a function of temperature at injection current levels of 3, 5, and 10 mA. At each current level, the wavelength red-shifts by an amount linearly proportional to the temperature, with a temperature coefficient of $0.044 nm/K. Results shown in Fig. 3 demonstrate that temperature characteristics for l-ILEDs on flexible plastic substrates are consistent with the findings summarized in Fig. 2 . In other words, effects of heating and poor thermal dissipation cause red-shifting, optical power droop, and changes in I-V turn-on characteristics.
In summary, the results presented here reveal fundamental effects, optical, and spectral properties of flexible l-ILEDs, and their temperature-and size-dependent device characteristics for 100 Â 100 lm 2 , 300 Â 300 lm 2 , 500 Â 500 lm 2 , and 1 Â 1 mm 2 chip sizes. These baseline data and the associated models can guide design of flexible inorganic optoelectronic devices for emerging applications, particularly those in bio-integrated devices for optogenetics, phototherapy and other areas where tight control of thermal behaviors is essential. 
